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Polarimetric signatures of sea ice
Part I: Theoretical model

S. V. Nghiem,  R. Kwok, S, H. Yuch, and M. R. Drinkwater

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California

Physical, structural, and electromagnetic properties and interrelating

processes in sea ice are used to develop a composite model for po-

larimetric backscattering signatures of sea ice. Physical properties of

sea ice constituents such as ice, brine,  air, and salt are presented in

terms of their effects on electromagnetic wave interactions. Sea ice

structure and geometry of scatterers are related to wave propagation,

attenuation, and scat tering. Temperature and salinity, which are de-

termining factors for the thermodynamic phase distribution in sea

ice, are consistently used to derive both effective permittivities and

polarimctric  scattering coefficients, Polarimetric  signatures of sea ice

depend on crystal sizes and brine volumes, which are affected by ice

growth rates, Desalination by brine expulsion, drainage, or other

mechanisms modifies wave penetration and scattering. Sea ice sig-

natures are further complicated by surface conditions such as rough

interfaces, hummocks, snow cover, brine skim, slush layer, Based

on the same set of geophysical parameters characterizing sea ice, a

composite model is developed to calculate effective permittivities  and

backscattering  covariance matrices at microwave frequencies for inter-

pretation of sea ice polarimetric  signatures.



1. INTRODUCTION

Sea icc is important to global climate because of its role in the mass balance and heat

transfer processes bet ween the ocean and the atmosphere [Maykut,  1978; 198.2;  Weitlau~e~,

1994. Global monitoring of sea ice with polarimetric  remote sensing has drawn consider-

able interests [R,ignot and Drinkwater,  1994;” Cavalieri et al,, 1991]. To interpret sea icc

signatures in polarimetric  remote sensing data, it is necessary to relate clcctromagnctic

scattering effects of sea ice to its physical and structural properties. This relationship pro-

vides insight into sea ice properties that influence electromagnetic scattering mechanisms

and determine polarimetric  signatures of sea ice,

Here, the purpose is to relate sea icc characteristics and processes to active polarimet-

ric signatures of sea ice through the development of a model based on sea ice properties.

This is presented in a series of two papers: (1) Part I: Theoretical model and (2) Part II:

Experimental observations. In this first paper of the series, sea ice properties are discussed

and then used to develop a composite model for understanding polarimetric  signatures of

sea icc including volume and surface scattering mechanisms at microwave frequencies. Vo-

luminous polarimetric  measurements of various sea ice types in the Beaufort sea have been

archived in the library of data acquired by the Jet Propulsion Laboratory multi-frequency

polarimetric  Synthetic Aperture Radar, Expeditions and experiments for sea ice character-

izations spanning over several decades have collected numerous physical parameters of sea

ice. The composite model in this paper provides a link between the observed polarimetric

signatures to the measured sea ice properties. In part II, the model will be used to explain

experimental observations of sea ice.

Sea ice has long been a subject of intensive research. Extensive results from studies of

sea ice and its major constituent, ice, have been reported in classical publications such as

Ice Physics  [Hobbs, 1974], The Physics of Ice [Glen, 1974], and The Growth, Structure, and

Properties  of Sea Ice [ Weeks and Ackley, 1982], The complexity of sea ice is attributed to its

inhomogeneous composition, tryst allograph, st ructure, growth process, thermodynamic
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variations, and environmental effects,

ice result in the intricate relationship

properties of sea ice.

Interactions among the physical processes in sea

among physical, structural, and electromagnetic

To a limited extent, sea ice properties have been used in calculations of conventional

lmckscattcring  coefficients [Lee and Kong, 1985; Tjuatja  et al, 1992] and fully polarimct-

ric scattering coefficients [Borgcaud et al., 1989; Nghiem  et al., 1990]. However, one or

more of the following have been assumed: independence of interrelated sea ice parameters,

effective isotropy in the sea ice medium, spherical scatterers or aligned spheroids, uniform

thickness, flat interfaces, no snow or slush or brine layer, and multi-year ice without hum-

mocks. These assumptions, however, simplify certain properties

the understanding of sea ice signatures.

Affected by inhomogeneities in sea ice, wave propagation,

of sea ice and thus limit

attenuation, and polari-

metric scattering, are interrelated and linked to physical and structural properties of sea

ice. The isotropy assumption contradicts the preferential vertical structure in columnar

sea ice, which constitutes a significant fraction in the global sea ice mass. Spherical scat-

terers  and untilted aligned spheroids cannot account for depolarization effects in sea ice

polarimetric  signatures in first-order scattering. Furthermore, shapes of scatterers and

their orientations influence wave interactions in sca ice even in zcroth-order  effects.

A uniform thickness of an optically thin ice sheet causes oscillations in sea ice signa-

tures while a distribution in thickness weakens or even erases these oscillations. Volume

inhomogeneities in sea ice with flat interfaces give low backscattering from sea ice at small

incident angles. Rough interfaces without volume inhomogeneities underestimate scatter-

ing magnitudes, depolarization, and decorrelation effects at large incident angles. Snow,

slush, brine covers, and hummocks modify sea icc scattering and need to be considered to

interpret sea ice polarimetric  signatures.

In the following sections, sea ice physical, structural, electromagnetic properties, and

their interrelations and variations imposed by the physical processes of sea ice growth,
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desalination, and environmental effects arc presented. The complexity of these sca ice

properties is encompassed in the composite model, The model includes the thernlody-

namic phase distribution of sea ice constituents, wave speed modification and scattering

loss in inhomogmeous  media, and ellipsoidal inclusions for polarimetric  volume scattering.

13ffcctivc  anisotropy  of sea ice due to the preferential vertical alignment of brine inclu-

sions and random azimuthal orientations of crystallographic c-axes in sea ice is considered.

Thickness distribution in a sea ice layer, snow cover with randomly oriented spheroidal

icc grains, brine skim and slush layer with high salinity, multiple wave interactions with

bcnmdaries  in anisotropic layered media are modeled. Rough surfac& at layer interfaces

with wave attenuation and differential phase delay through the layered media and effects

of hummock topography on both volume and surface scattering mechanisms are accounted

for. Physical meanings conveyed in mathematical expressions for sea ice signatures are

explained. Polarimetric  data interpretations with the composite model for experimental

observations of sea ice in the Beaufort sea will be presented in the second paper.

2. CHARACTERISTICS OF SEA ICE

A background of sea ice characteristics is necessary to consider the realistic complex-

ity of sca ice in the modeling and to define domains of model input parameters constrained

by the sea ice physics. This section presents sea icc characteristics in the context of their

interrelationship with electromagnetic properties for the development of a polarimetric

composite model of sea ice.

2.1. Sea Ice Constituents

Sea ice is an inhomogeneous medium composed of an ice background, brine inclu-

sions, air bubbles, and solid salt. Electromagnet ic properties of these constituents are

characterized by permeabilities and perrnittivities,  which relate material characteristics to
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clcctromagnctic  fields by constitutive  relations [Kongj 1986]. The sea ice constituents arc

non-magnetic materials and their permeability is ~~o (47r x 10– 7 H/m), Air has a real

pmvnittivity of co (8.8542 x 10– 12 F/m). However, pcrmittivitics  of other sea icc con-

stituents are cornplcx quantities, with real parts for wave speeds and imaginary parts for

wave at tcnuat ions.

Icc is a dispersive medium whose complex permittivity  changes with electromagnetic

wave frequency. The imaginary part of ice pcrmittivity  varies by two orders of magnitude

as a function of frequency [Evans, 1965]. For sea-water brine, the absolute value of the

permittivity  is more than one order of magnitude larger than that of ice in the microwave

frequency range: Both real and imaginary parts of brine pcrmittivity  decrease by several

times as frequency increases [S-logryn  and DesaTgant, 1985]. Although solid salt volume is

usually rninutc  compared to the other constituents, the precipitation process of salt at the

cutcctic  tcmpcraturc  redistributes the phase of brine and air inclusions. Mixing of these

constituents with different phases dcterrnincs  the effective permittivity  of sca ice.

With permittivity  contrasts to the ice background, inhomogeneitics  act as scattering

sources induced by an incident clectrornagnctic  field, giving rise to the source terms in

inhomogeneous  vector wave equations. These current sources radiate electromagnetic fields

in all directions into the upper medium, where the scattcrcd waves arc measured at all linear

polarization combinations. The inhomogcneities  in sea ice are responsible for effective wave

propagation, attenuation, and scattering which are interrelated and linked to the properties

of the constituents in sea ice.

2.2. Crys-tallography and Structure

In natural geophysical conditions, the ordinary ice p,olymorph  (ice Ih ) is predominant

[Hobbs, 1974; Glen, 1974; Weeks and Ackley, 1982]. Other crystallographic phases of ice

are formed at very low temperatures or high pressures. As illustrated in Figure 1, ice

Ih has a hexagonal symmetry with oxygen atoms packed closely in parallel planes called
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basal planes [Petrenko,  1993]. The crystallographic c-axis (principal hexagonal axis) is

perpendicular to the basal planes and the a-axes arc parallel to these planes, Natural ice

is a polycrystalline  medium composed of many single crystals with different orientations.

Beneath a thin transition layer, sea icc becomes columnar in structure with c-axes parallel

to within a few degrees of the horizontal plane [ Weeks  and Ackley, ~982].

A polycrystal  in sea icc consists of small parallel icc plates referred as ice platelets.

Sca water is trapped in pockets bctwccn  these ice platelets, depicted in Figure 2, during

the growth of sea ice, As the icc grows and the temperature decreases, fresh water in

the pockets freezes to the platelet walls, leaving liquid in the pockets more saline. These

brine inclusions have a high pcrmittivity  that strongly affects electromagnetic properties of

sea ice. Horizontal thin sections and vertical micrographs of sea ice reveal a substantially

ellipsoidal shape of brine inclusions [ Weeks  and Ackley, 1982; Arcone e-t al., 1986]. Because

the c-axes arc parallel to the horizcmtal  plane, the ice platelets are vertical, Consequently,

ellipsoidal brine inclusions, sandwiched between the platelets, are preferentially oriented in

the vertical direction. Unless c-axes are aligned by an underlying sea current [ Weeks  and

Gow, 1978], the inclusions have random azimuthal orientations in the horizontal plane as

shown in Figure 3.

This orientation distribution of brine inclusions in the ordinary ice polymorph  renders

the effective pcrmittivity  of sea ice uniaxially anisotropic  with the optic axis in the vertical

direction [lVghiem  et al., 1999 b], The vertical anisotropy in sea ice effectively supports two

characteristic waves, ordinary and extraordinary [Kong,  1986], propagating at different

speeds and attenuation rates. First-year sea ice, especially young ice, contains many brine

inclusions and their properties are carried in sea ice polarimetric  signatures. In multi-year

sea ice, because of the desalination in the growth process (Section 2.4), the inhomogeneities

arc predominantly air bubbles, which are more rounded and thus multi-year sea ice becomes

more isotropic [Nghiem  et al., 1999c].
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Temperature and Salinity

Temperature and salinity arc two of the most important characterization parameters

of sea ice, Under stable condition, temperature in a sea icc layer distributed linearly from

the top interface with cold air to the bottom interface with warmer sca water. Many

measurements of sea ice temperatures show “an approximately linear profile in ice clepth

[Coz and Weeks, 1974; Wen et al., 1989; Gow et al,, 1990; Biclcen,  1992]. IrI first-year sea

ice, C-shape salinity distribution in ice depth is usually observed [ Wen et a/., 1989; Gow et

al., 1990; Eicken,  1992]. Upward brine expulsion and flooding are important mechanisms

causing the high top salinity [Eicken, 1992], The high bottom salinity is obvious because

of the interface between ice and saline sea water.

Electromagnetic properties of sea ice are strongly related to the temperature and

salinity. These two parameters together with sea ice density govern the thermodynamic

phase distribution of sea ice constituents. Fractional volumes of brine and air inclusions

arc obtained from equations based on phase diagrams [ Coz  and Weeks,  1983]. Near the

top of the ice layer, the temperature is low and the salinity is high (C-shape salinity

profile), Deeper into the middle of the ice layer, the temperature increases while the

salinity decreases. Except near the sea water interface where the brine volume is large, the

distributions of temperature and salinity effectuate an approximately uniform distribution

of brine volume in the ice layer [ Wen et al., 1989]. Typically, the average brine volume

of first-year sea ice in the Beaufort sea is on the order of few percent [ Wen et al., 1989,;

Weeks and Ackley,  1982].

Furthermore, temperature affects pcrmittivities  of individual constituents of sea ice.

Icc permittivity  varies with temperature [ Tiuri  et al., 1984; Matzler  and Wegmuller,  198fl.

Brine permittivity  is a strong function of temperature [Stogryn  and Desargant,  1985] and

sea water permittivity  depends on both t~mperature  and salinity [Klein  and Swifl, 19771.

Temperature also affects sea ice effective pcrmittivity  by the process of salt expulsion. At

the eutectic  temperature of –21 .2° C, a sharp phase change occurs due to the precipitation
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of sodium chloride dihydrate [ Weeks  and Acklcy, 1982]. Below this temperature, brine

solidifies and consecluently  sea ice pcrmittivity  drops [Arcone  at al,, 1986].

.2.4. Growth and Desalination

Ice grows dendritically  at large supercooling due to the rapid growth in directions

parallel to a-axes [Glen, 1974]. Columnar ice grows in the form of vertical ice platelets

which preferentially align brine inclusions in the vertical direction as discussed above. Sea

ice growth rate is determined by environmental conditions such as air-sea temperature

difference, winds and sea currents, and heat fluxes including latent and radiative heat.

Thorndike et al. [1975] have estimated sea ice growth rate in polar oceans throughout

the year. Figure 4a shows the growth rate ~(h)  (cm/day) as a function of sea ice thickness

(m) on March 11 (winter time) with the fitted function ~(h)  = 12.71- ().2116h (h ~

50 cm), 2.13exp(–O.017h)  (50 < h <150 cm), 0.52 – 8,67 x 10-4h  (150 < h ~ 600cm).

From dh/dt = 12.71 – 0.2116h (for ice thinner than 50 cm), the ice thickness is h(t) =

60[1 – exp(-O.2116i)] where t is the elapsed time from the initial ice growth. Thus for

thin ice (O- 10 cm), the ice growth is approximately linear under the first-order expansion

of h(t). Figure 4b compares this growth of sea ice with NaCl ice grown under a cold plate

[Lo~gren  and Weeks, 1969]  and saline grown in a cold room during CRRELEX’93 (Cold

Regions Research and Engineering Laboratory Experiment, September 1993). For faster

growth rates, ice platelet spacing becomes narrower and the bulk salinity due to brine

cntraprnent is higher [Meese,  1989, Nakawo  and Sinha, 1981; Lofgren and Weeks, 1969].

This is a determining factor in ice crystal sizes and brine volumes.

As the ice becomes thicker, ice growth slows significantly and desalination takes

place. There are several desalination mechanisms: brine migration caused by thermal

gradient, expulsion by pressure in brine pockets, drainage by gravity, and flushing by

surface melt water [Meese,  1989], It is found that the average salinity in Arctic sea ice is a

piecewise linear decreasing function of ice thickness [ Cox and Weeks, 1974]; the pronounced
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change in the slope of the linear salinity function of thickness corresponds to the change

in the dominant desalination mechanism from brine expulsion to gravity drainage [ COZ

and Weeks, 19741  The desalination reduces the lossy  brine volume and increases the air

volume. As a rcsuit, the attenuation is decreased and electromagnetic waves can penetrate

deeper into the ice. The waves encounter more scatterers with weaker local scattering

cfFects  since the permittivity  contrast of air to ice is lCSS than that between brine and ice.

This competing effect in the scattering from sea ice needs to

to interpret the scattering signature of multi-year sea ice,

desalination.

be accounted for in the model

which experiences significant

2.5. Surface Ejfecis:  Roughness, Snow, Slush, and Brine Covers

Physical properties of sea ice are further complicated by surface effects such as rough-

ness, snow, slush, and brine covers. Undeformed first- year sea ice is usually smooth with

some small scale  roughness. Roughness contributes to the total backscattering especially

at small incident angles. Moreover, multi-year ice undergoes differential melt which results

in hummock. with meter-scale lengths, From hummock profiles of air-snow and snow-ice

interfaces of multi-year ice in the Beaufort sea (Figure 5a) [ Cox and Weeks,  1974], largc-

scale correlation functions are obtained and shown in Figures 5b and 5c. The hummock

topography tilts local sea ice surface areas and modulates the small scale roughness. Thus,

the large scale hummocks modify both the volume and surface scattering properties of sea

ice.

Snow cover on sea ice introduces an additional scattering layer and also causes physi-

cal changes in sea ice. While the sea ice layer is anisotropic, the snow medium is effectively

isotropic because of random orientations of ice grains in snow [Sihvola et al., 1988; Nghiem

et al., 199$ b]. The isotropic snow cover has a masking effect which lessens the anisotropic

characteristics in the polarimetric  signature of columnar sea ice. Furthermore, snow capil-

lary force gives rise to brine wicking, especially for thin ice [Drinkwater  and Crocker,  1988].
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Consequently, a slush layer with high salinity appears between  the snow and the ice layer.

This slush layer has a high pcrmittivity  that strongly influences the scattering from sca

ice. A highly saline surface skim, or a thin brine layer, has been observed on the surface of

young lead ice [Richier-Mcnge  and Perovich, 1992; Drinkzoater and Crocker, 1988]. T h e

brine layer significantly impacts polarirnetric  signatures of sea ice.

3. POLARIMETRIC  COMPOSITE MODELS

Based on the properties of sea ice discussed above, a composite model for polarimetric

signatures of sea ice is developed and presented here, Both effective pcrrnittivities and

polarimetric  scattering coefficients are derived from the same set of sea ice properties. Their

interrelationship is therefore accounted for and linked to sea icc physical and structural

properties and processes.

Sea ice covered by a layer of snow, slush, or brine is modeled with a layered config-

uration as illustrated in Figure 6. The upper half space is air with permittivity  Co and

permeability p..  Region 1 is described as an isotropic inhomogeneous medium containing

randomly oriented spheroidal scatterers with a spatially dependent permittivity  el (T),  Sea

ice in Region 2 is an inhomogeneous medium, with perrnitt ivit y C2 (F),  composed of an ice

background with ellipsoidal brine inclusions whose orientation renders the medium effec-

tively anisotropic.  For multi-year ice, air bubbles are included in the ice layer. Region 3

is the homogeneous sea water with permittivity C3. Amplitude vectors described in Fig-

ure 7 for up and downgoing waves will be used to derive multiple wave interactions with

boundaries in the layered media.

Effective permittivities of inhomogeneous  media mc obtained with the strong permit-

tivity fluctuation theory, Covariance matrices, whose elements are polarimetric  scattering

coefficients characterizing polarimetric  signatures of sea ice, are then calculated with the

analytic wave theory which preserves the phase information, Small scale roughnesses and
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large  scale  hummock topography are also considered. Wave scattering mechanisms in

the inhomogeneous  anisotropic  layered media with composite interfaces are illustrated in

Figure 8 and modeled in the following sections to derive polarimetric  signatures of sea ice,

3.1 Eflectivc  Pcrmittivities of Inhornogeneous  Media

The mixing of the constituents in the inhomogeneous sea ice determines an effective

pcrmittivity  which governs wave propagation and attenuation in the medium. In this

model, the dispersion of sea ice not only depends on the dispersive permittivity  of each

constituent but also on the scattering effect of the inhomogeneities in addition to the quasi-

static part. Effective permittivities of sea ice are derived from the strong permittivity

fluctuation theory [ Tsang and Kong, 1981]  which is extended to account for randomly

oriented spheroidal scatterers [ Yueh  et al., 1990; Nghiem  et al., 1999a], and for ellipsoidal

scatterers [Nghiem  et al., 1993b]. Results for effective permit tivities  are summarized here

and their physical meanings are pointed out in terms of sea ice properties.

Consider medium n, with n Z= 1 for the cover layer such as snow and n = 2 for the

sea ice layer (see Figure 6). Generally to account for the medium anisotropy, the effective

permittivity is described by the tensor

znejj = zng + @ [7– Fnejj “ (Z)] ‘1 “ Fnejj (1)

—
where ~ is the unit dyad, ~n~ is the auxiliary pcrmittivity,  ~n is the dyadic coefficient, and

?n.fj is the effective dyadic scatterer [Tsang and Kong, 1981].

Mathematically, the first term, ~n~, in (1) together with the dyadic coefficient ~n

are determined by the condition of secular-term elimination, The secular term originates

from the singularity corresponding to the coincidence of an observation point and a source

point in the inhomogeneous medium, The results for =.~ can be reduced to a generalized

form of the Polder - van Santen dielectric mixing formula [ Tsang and Kong, 1985].

Physically, ~n~ is the effective permittivity  under the quasi-static condition. It char-

acterizes wave propagation in an effective medium without the scattering effects, From
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the functional forms of =n~ [Nghiem e-i al,, 1993a,  1993’b], it is observed that

%g =’ GhJ(f,,c> fnc - 
%(J, [%])=

(2)

where subscript c denotes a constituent in the inhomogeneous  media, As indicated in (2),

~,1~ is a function of fractional volume ~nC of the medium constituents, pcrmittivity  contrast

(c,,. - ~n~), and dyadic coefficient clement [~~].

In sea ice (n = 2), the constituents are ice (c = ice),  brine (c = twine),  or air

(c = air) as discussed in Section 2.1. The fractional volumes of these constituents follow

the thermodynamic phase distribution determined by the temperature, salinity, and density

of sea ice (Section 2.3), Constituent Permittivities are complex and vary with frequency,

temperature, and salinity (Sections 2.1 and 2.3). In first-year sea ice, brine inclusions and

the ice background have a large permittivity  contrast (Section 2.1) which strongly affects

wave propagation and attenuation in sea ice. In desalinated multi-year sca ice (Section

2.4,), the permittivity  contrast between air bubbles and ice is smaller, wave speed is larger,

absorption, and wave penetration is deeper compared to the case of first-year sea ice.

Dyadic coefficient ~. does not depend on the size of the inclusions but dots depend

on ratios of ellipsoidal axial lengths and the orientation distribution of the non-spherical

scatterers [Nghiem  et al., 1999b]. Physically, it is the shape and orientation that determine

the polarizability  of the inclusions. Thus, the ellipsoidal shape and orientation of brine

inclusions (Section 2.2) are manifested in electromagnetic properties

lowest order.

The second term in (1) accounts for the wave scattering effect

of sea ice even in the

in sea ice. This term

depends on frequency; therefore, the inhomogeneous sea ice is inherently dispersive (even

if one assumes frequency independence for the constituent permittivities). In the existence

of inhomogeneities, wave speed

scattering loss. Effective dyadic

is modified and wave attenuation is increased due to the
—

scatterer ~neff in the second term of (1) is calculated with

/

2iT
d’%f Pn(!hf , d’nf )

o



= (o)in which k. is the wave number in air, Gn~ ]s the Green’s function, rn<jk~nl is the vari-

ance, @n< is the Fourier transform of the normalized local correlation function Rnt, and

p(@nj,  @nf ) is the probability density function of orientation with Eulerian angles &f

and #nf relating the local scatterer coordinates to the global coordinates (z, y, z), Sub-

script ~ is used to indicate that I#,,jklm belongs to @nt. The variance I$ijkl,,z has the

same functional dependence as in (2) and thus the same physical relationship to sea ice

properties.

For orientation distributions, pn(q$nt,  ~nf ) = sin(~nj  )/(47r) describes random orien-

tations of scatterers such as ice grains in snow and pn(~~n  j, rjnf ) = 6(&f )/(27r) depicts

brine inclusions oriented in the vertical direction (delta 6 function of ~n ) in columnar ice

with random c-axes in the horizontal plane. The ensemble average over random orien-

tations in snow leads to an isotropic effective permittivity. For the sea ice, the effective

pcrmittivity  is vertically uniaxial in conformance with the preferential alignment of brine

inclusions.

The integration over the product of the Green’s function and the correlation function

depends on inclusion sizes; therefore, the size effect appears in the higher order compared to

the shape and orientation effects. A normalized local correlation function is used to model

the ellipsoidal brine inclusions in sea ice. In the local coordinates (x’, y’, z’) associated

with the principal axes of an ellipsoid, the correlation function is

[ (

1

) ]

#2 ~

Rn<(#)  = exp  –  ~ + ~ + ~
4?:Z,  ~y ~z

(4)

with correlation length l~zl,  -%yl,  and &Z) (n = 2), related to the effective size and shape

of the scatterers [iVgh2em  et al., -J 99$ b]. For spheroidal scatterers such as ice grains in the

snow layer (n = I), the correlation function is reduced from (4) with &~~ = &y~ ~ -&P~.

After substituting correlation function (4) into (3), the integrations are carried out
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—
over the complex integrands for ~neff to obtain effective pcrmittivity  =n~f~ from (1). Expres-

sions for effective pcrmittivities  with spheroidal and ellipsoidal scatterers are reported by

Yueh et al, [19901 >1’d Nghiem  et al. [1993’a, 1993’b].  Note that for sea ice (n = 2) composed
. ,

of ICC ancl brine, Iractlonal volumes of the const]tucnts arc related by f2iCe = 1 — $2~rine.

In this case, Nghiem et al. [1993b] usc the notation with subscript s for the scattering

brine (.f2~ = j2~rine  and C2, = e2~rin. ) and subscript b for the background ice (~zb = 1 – ~2,

and ~zb = CZ~Ce ). In these calculations, appropriate branch cuts and Ricmann  sheets arc

considered for the involving functions with complex variables. The result for ellipsoidal

scatterers can be reduced to the case of spheroids by equating two of the three correlation

lengths. For randomly oriented scatterers, the effective permittivit y becomes isotropic and

~ne~j  is the unit dyad ? multiplied by a scalar pcrmittivity CnefJ.

3.2 Volume Inhomogeneities  in Layered Media

Inhomogeneities  in sca ice, besides influencing wave propagation as presented in Sec-

tion 3.1, give rise to wave scattering from sca ice into the upper media, Scatterers such

as ice grains ~-i the snow layer also contribute to the scattered fields.

structural properties of sea ice are related to both wave propagation

interactions to the cover layer,

Thus, physical and

and scattering with

These processes are included in the polarimetric  model with the analytic wave theory

applied to the layered configurate ion in Figure 6. Scattering sources, due to the permit-

tivity contrasts of the constituents in the inhomogeneous media, are introduced in wave

equations for the layered media, Scattered fields are solved from these equations under the

distorted Born approximation [ Tsang and Kong, 1981] with effective permittivities  and

dyadic  Green’s functions accounting for wave interactions in the media. The set of sca ice

characterization parameters used in the calculation of effective permittivities  are utilized

in the derivation of the scattered fields. Wave propagation, attenuation, and scattering

are therefore consistently linked to sea ice characteristics.
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Scattered fields from sea icc arc measured in the backscattcring  direction with a

polarimetric  scatterometer  or radar for all combinations iu the linear polarization basis.

Ensemble averages of scattered field correlations are used to obtain the complete set of

polarimctric  backscattering  coefficients. These coefficients constitute a covariance matrix

or a Mueller matrix, characterizing polarimctric  scattering properties of the layered media

[Nghiem et al., 1990]. To derive the scattering coefficients, operator Lnjk/m  is defined as

(5)

where qn is the ‘probability density function of thickness dn, pn is the probability density

function of orientation, and loca$ion  ~n or T: is in volume Vn occupied by Region n. The

orientation distributions are the same as discussed in Section 3.1 for effective permittivity.

The thickness distribution characterized by qn is governed by a first-order differential

equation depending on sea ice growth rate, motion, and a redistribution function related

to ice deformation [ Z%orndike et al., 1975],

The correlation function Cn(jk Im of the scatterer with variance I’nj klm is determined

by the following expression

where On< is the Fourier transform of (4) and (n j ~ is tk local scatterer [Nghiem  e-t al.,

1993a, 1993 b].

The operator (5) is applied on elements (G) of mean dyadic Green’s functions and

mean incident fields (F) to obtain the correlations of sc~ttered  fields under the distorted

Born approximation as follows
2

.=1

[(Gon2/(~)F~))(I’nnj(~j))]  * (7)
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This result includes the physical and structural properties of the anisotropic sea ice, wave

interaction with’ the medium interfaces, and effects of the cover layer.  The results given

by (7) can be reduced for application to a simpler sea ice configuration without the cover

layer by setting thickness dl to zero.

The mean dyadic Green’s function (~on  ) in (7) is for the observation point in Region

O and the source point in Region 72. The Green’s function has been derived for anisotropic

medium in a two-layer configuration [Lee and Kong, 1983]  and extended for application

to a polar,imetric  model of layered geophysical media [iVghiem  ei al., 1990]. The dyadic

Green’s function in the radiation field can be written as

~ikor
(?Z.(F,FJ) = -4X c-i~p “~s;n(Ip,.5) , ?2 = 1 , 2 (8)

where eikOr/(4nr)  is the spherical radiation, 1P is the lateral wave vector, and ~s =

ixs + ~y,, Dyadic coefficient ~n (~p, ZS ) is defined as

where polarization unit vector jl can be ~ or –t, script p stands for horizontal h or vertical

v polarization, and superscripts u and d respectively denote upgoing and downgoing direc-

tions. In Region 1, unit vector O = &, –0 and script u = h, v without a minus sign in front

of v. Since Region 1 is isotropic, there is no distinction in the propagation of horizontal or

vertical wave; thus, k~~ = k~~ E k~z and k~j  = k~$ s k~z. In Region 2, the medium can

bc anisotropic  and characteristic waves are ordinary o or extraordinary e. In this case, unit

vector O = 6, —6 and script v = o, e. There are four types of waves in Region 2: ordinary

downgoing, ordinary upgoingj  extraordinary downgoing, and extraordinary upgoing. Thus

the birefringent effect (double refraction), wave speed difference, and differential attenua-

tion in the anisotropic  sea ice medium are accounted for in this model. All polarization

and wave vectors are defined by Nghiem et al. [1990]  and U’s and D’s will be shown later.
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—
For inciclcnt  field ~oi = [~~(kozz  )E~i + ti(kozi)EVi]  ciko~ o ‘, the mean fields ca,n be

written as

~ “7@n(ipi,  #) ~(Fn(T)) == e ~z ?2 =1,2 (lo)

where subscript i indicates the incident wave, ~ =- ix + jy is the lateral spatial vector, and

~Pi = ~~ri + ~~yi = ko(t sh Ooi cos #oi + j sin Ooi sin @oi  ) is the lateral component of incident

wave vector ~oi, Ooi is the incident angle, and ~oi is the azimuthal angle. Polarization vector

~~~ (Ipi, -z) is expressed as follows

where p = h, v and v = h, v in Region 1 or v = o, e in Region 2, As indicated in (11), the

incident wave is effectively decomposed into the ordinary and extraordinary waves in the

aliisotropic  columnar sea ice.

Coefficients U’s and D’s are derived from boundary conditions. To illustrate the wave

interaction processes described by U’s and D’s, consider amplitude vector ~n of upgoing

waves and ~n of downgoing waves in Region n = O, 1, 2, 3. Amplitude vectors of waves

propagating away and toward each interface, as shown in Figure 7, are related with matrix

equations

[E(n+l)l [

=
Zn Z2(n+l)  ‘(n+l)n

H 1

zn
—— —=

‘n(n+l) ‘:(n+l)n ~(n+l)
(12)

In Region O, Do is the amplitude vector of the incident wave, In Region 3, there is no

upgoing wave and ~32 and 732 are not needed. Amplitude vectors in different layers can

be related to the incident vector ~-o by

Elements in ~n are Unl,v  and in En are D.Pv  where p and v can be h or v except that

v = o, e in Region 2. Matrix Ho is defined as the reflection matrix ~. for Region O and =3



is the transmission matrix 73 for Region 3. From the system of matrix equations in (12),

downgoing  and upgoing amplitude vectors are solvecl  in terms of Do and the results are

then compared to (13) to obtain coefficient matrices in the dyadic Green’s functions and the

polarization vectors. Physically, these vectors and matrices describe wave interactions with

the intcri%ces  including multiple reflections and transmissions in the sea ice and the cover

layer (such as snow, slush, ‘or brine), the reflection to the upper air, and the transmission

to the underlying sea water.

By applying operator L from (5) on the dyadic Green’s functions of the layered

media and the mean fields as in (7), correlations of the scattered fields are obtained.

Then, polarimetric  backscattering coefficients, OV.VK, are calculated with

(14)

where subscripts p, v, ~, and K can be h or v, subscripts i and s respectively stand for

incident and scattered fields, r is the distance from the radar, and A is the illuminated

area. Coefficients from the dyadic Greens’s functions and mean fields are combined to

arrive at the following expression of the scattering coefficients in the scattered polarization

basis

(15)

in which a,b= –1,1 for n = 1 and a, b,c, d= ou, od, eu, ed for n = 2.

In (15), the contribution from the isotropic Region 1 (n = 1) consists of 16 terms for

downgoing and upgoing incident and scattered waves. In Region 2, 4 wave types in the

Grecm’s function and 4 in the incident fields provide 16 terms, which are correlated with

16 terms in the scattered waves giving rise to 256 terms from the sea ice layer, accounting

for all types of wave interactions in the anisotropic layered media. Details of Vn’s  and

X,l’s are given by Nghiem  et al. [1990, 199$b]. The integrations over Eulerian  angles in
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(15) can be carriml out numerically, When the low-frequency condition is valid, analytical

expressions can be derived, For a given thickness distribution, the integration over the

thickness probabilit~~ density function gives the polarimctric  scattering coefficients, For

a uniform thickiless,  qn bccomcs  a Dirac delta function of thickness and the results arc

readily obtained.

Constituents of sea ice are non-magnetic (Section 2.1) and thus the medium is re-

ciprocal. The cover layer and the underlying sea water are also reciprocal. The reci-

procity reduces the backscattering covariance matrix to a 3 x 3 complex Hermitian matrix.

In the covariance matrix, conventional backscattcring  coefficients aM s O~~M, oUU E

ot,  vvv, and o~~ s a~v~v are the diagonal elements. The cross-correlation coefficients are

ClhhhV  and Qhvvv , The co-polarized ratio is defined as ~ = u.. /Ohh, the cross-polarized

ratio is c = ~hv /O~h, and the complex correlation c.oefficicnt  between the horizontal and

VCrtiCal retUIIIS k /3 D UhhVV (Ohh OvV )–1/2.

In sea ice where  c-axes have random orientations in azimuthal directions, the re-

flection symmetry completely deccmrelates  the cross-terms (o~hhv = Ohvtiv = O) and the

covariance m n trix for sea ice cent ains only 5 independent parameters at oblique incident

angles [Nghicm  et al., 199$c] . In (9) and (11), k~$ and k~~ are different from k~~ and

I$; in both real and imaginary parts in the uniaxial sea ice, Consequently, the scattering

centers of horizontal and vertical waves arc separated because of different wave speeds and

attenuations. Then, p calculated from the scattering coefficients with (15) has a reduction

in magnitude and an increase in absolute phase compared to the isotropic case. At the

normal incident angle, the covariance matrix has 2 independent parameters since ~ = 1,

Imp = O, and e = (1 – p)/2 duc to the azimuthal symmetry [Nghiem et a~., 1992]. These

relations in polarimetric  coefficients of sea icc are followed by (15). When c-axes are aligned

by a sea current, sca ice becomes a biaxial medium, which is not treated in this paper; the

polarization signature of a biaxial sea ice is generally characterized by a covariance matrix

with 9 independent parameters.
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Effects of a cover layer with different cc)rnpositions  and characteristics such as sIiow,

slush, or brine (Section 2.5) on pcdarimctric signatures of sea ice can be seen from the

results in this section. For snow covered sea ice, (15) is the sum for the scattering from

snow (n = 1 ) and sea ice (n = 2). Due to the isotropy, horizontal and vertical returns from

snow arc better correlated, The overall effect increases the magnitude of p and decrease

the absolute value of the phase  compared to the case of bare ice. These polarimetric

characteristics approach the behavior of an inhomogcneous  isotropic medium and thus the

anisotropy of the underneath sea ice is partially masked.

When sea ice is covered by a high permittivity  layer such as slush or brine, wave

attenuation is increased because of the highly lossy  salinity. Furthermore, magnitudes of
—

the elements in ~ol increase and the difference between the horizontal and vertical co-

polarized elements, R,ol hh and Roluv, are larger especially at larger incident angles. In

this case, backscattering coefficients decrease and co-polarized ratio ~ increases at larger

incident angles. Further complexity is introduced by rough interfaces in sea ice, which are

considered in the next section.

3.$ Rough Interfaces in Layered Media

Natural interfaces in sea ice are rough with various length scales (Section 2.5). In this

section, surface scattering from rough interfaces in layered media is presented for small scale

roughnesses with small standard deviation heights and slopes; large scale roughness such

as hummocks are examined later, To estimate effects of rough interfaces on polarimetric

signatures of sea ice, contributions from :he rough surface scattering are considered with

wave interactions, differential propagation delay, and wave attenuations in the anisotropic

layered media.

As depicted in Figure 8, the incident wave is scattered by the rough interface between

air and snow. The wave continues propagating into the snow layer (Region 1) where both

the coherent and incoherent fields are scattered again by ice grains and the rough snow-ice
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interface. Part of the wave is transmitted into the icc layer (Region 2) and is further

scattcrcd  by briile inclusions in this layer and by the rough ice-water boundary. The wave

also reflects back towards the top interface and is scattered again by the inhomogeneities

and the rough surfaces. This process of multiple scattering is complicated and involves

the surface scattering from above and below the intcrfaccs, multiple volume scattering in

the inhomogencous  layers, higher-order interactions between volume and surface scatter-

ing mechanisms, and wave propagation and attenuation in the multi-layered anisotropic

inhomogcqcous  media. Estimation of rough surface effects here is simplified by considering

the first order scattering of the down-going incident field and the higher-order scattering

is ignored.

For the top interface, the first-order polarimctric  backscattering covariance matrix

(16)

is added to the total scattering [Lee and Kong, J985], implying the volume and surface

scattered fields are not correlated. Rough surface backscattering coefficients a$~~b~ and

~;;~Quu can be computed with the Kirchhoff  approximation, geometric optics approxi-

mation, or small perturbation method [ Tsang et al., 1985]. Under these approxima-

tions, cross-polarized return a~\U~V is zero and correlation term a~~~uv
= #;uhh =

k4’L4Lw.
For the rough surface at the middle interface between snow and ice, wave propagation

and attenuation in the layered media are considered, The matrix method with wave vectors

in Section (3.2) is employed in the derivation of surface scattering with wave interactions

in layered media. Instead of using (~pi ) and (~.) to denote coefficients corresponding

tc) incident and scattered waves, subscript i is used for incident and s for scattered as

short-hand notations. As illustrated in Figure 7, incident wave amplitude El in Region

1 is transmitted from Region O by matrix fili operating on DO in Region 1; explicitly,



El = Eli . ~o. Then,

renders scattered wave

Region 1 into Region O

/G&

El is scattcrcd by the rough surface characterized by~12 which
—

amplitude Al = ~12 .~l, Scattered  wavc~l goes upward from

bytransmission  matrix ~lo, through theair-snow  interface; thus,

~. =~lo, ,~l.  Thephase  factor andattenuatio  ninRegion 1 ofthicknessdl  (see Figure

6) can bc expressed in the backscattering direction as exp(i~li .Tli)exp(i~l,  ,Tl, ) =

d )whcrep isthelateral  distance andscripts  p,,z, R,l,ex~J[i2(kflzp+  k~ZiRdl  )] exP(–2k~zi~  1

and u stand for the lateral component, vertical component, real part, imaginary part, and

up-going direction, respectively. Under consideration of wave propagation, at tcnuation,

and interactions, surface backscattcring due to the middle interface observed in Region O

is described by

=(0) = =
S~2 = Tlo,  .7712 “ Dli e i2(kPip + k~ziRdl)c–zkYziIdl (17)

In the anisotropic layered configuration with vertical optic axis under the aforemen-

tioned approximations in the derivation of rough surface scattering, horizontal and vertical

waves arc decoupled and the cross-polarized returns vanish. For the observation in Region

O, non-zero elements of the covariance matrix 712 obtained from (17) for the backscattering

from the rough interface between Regions 1 and 2 are

where ~lzhhhh  , U12VUUV , and ~lz~~uu  = (alzhhh~~lz~~~~ )112 are polarimetric  backscattering

coefficients for the rough surface. In the calculation of al 2PV~~, incident angle 01~ in Region
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1 is determined by (lli = tan- 1 (kPi /klziR) duc to the phase matching conditions. Under

the Kirchhoff  or geometric optics approximation, the Fresnel  reflection cocficicnt  at the

intcrfacc  is evaluated at normal incidence without distinguishing horizontal or vertical wave

polarization. In the small perturbation method, the two wave types arc treated differently.

Since Region 2 is vertically uniaxial, the reflection coefficient is computed with ordinary

wave for horizontal polarization and extraordinary wave for vertical polarization,

Scattering coefficients of the rough surface at the bottom interface bktwccn ice and

water are derived in a similar manner. Incident wave amplitude Do in Region O trans-
—

mits into Region 2 as B2 = ~2i . Do. This incident wave then undergoes the scattering
—

characterized by S23 from the rough interface between Regions 2 and 3, Scattered wave

~z = 323. ~2 is observed in Region O as ~. = ~, .22. Matrix ~, is derived by consider-

ing wave transmission and reflecticm  in the layered configuration. Wave amplitude vector

xl is transmitted into Region O as ~. = ~lo$ . xl where ~“1 in Region 1 is composed of

the reflection ~12$ “ El from the interface between regions 1 and 2 and the transmission

1 . ~21~  . A2 where ? is the identity matrix. By operating ?lOS onZ = (7– %s “R1O,)-  –

xl, ~0 is obtained in terms of X2 and U, is identified as

[ 1

u~h, uo~,
m =  710, 0 (7– Z12, .7710, )-1 . 7 2 1 .  = (19)

Ueh,  U,.,
where o denotes ordinary wave and e is for extraordinary wave.

In the vertical uniaxial layered configuration, horizontal and vertical components are

decoupled. In this case, the necessary elements UOh, and U,”, are obtained from (19) and

expressed as

ei(klz$ –  ‘~zs)dl  ~21.h~10hh
uOh. = (20a)

1 _ ei2&s~1R12hh~10hh

“e” )dl T2d’,o~J(klz$ —  ~zz$
u evs .=

1 –  ei2k1’’dl R12vu R10vu
(20b)

0“ = – k~~~.  Furthermore, wave propagation in Region 2, whose interfacewhere k~z~ ~ kz~s

with Region 3 locates at the depth of d2, imposes on the backscattered wave a phase factor



(21a)

for ordinary and extraordinary waves, respectively,

After wave propagation and multiple interactions with boundaries in the anisotropic

layered media are considered, the covariancc matrix observed in Region O has the following

non-zero elements in terms of backscattering coefhcients  derived from (20) and (21 ) for

the rough interface between Regions 2 and 3

#~hhh ‘lUO~SDz~~i  12e–2(k~zs1  +  ‘~ziJ)(d2  –  ‘1)

~–2(k1z~1 + klziz)dlaz~hhhh

(0)
‘23VVVV

“’d )(dz -  d,)=luev,D2vei12e–2(k~:s~  –  ‘zz’~

~–2(k1z~1 + k1zi1)d1023vvVv

~g;hvv
‘(uohs.D2hoi)(uevs~2vei)*

ei(k;zs R +  ‘~ziR — k;:,R +  k:$~R)(dz – ~1)

(22a)

(22b)

Under the Kirchhoff,  geometric optics, or small perturbation approximations,

U23hhvv )1/2 In the calculation of the scattering from the interface= (~23hhhhu23vvvv .

between Regions 2 and 3, the ordinary wave reflection coefficient is used for horizontal po-

larization and extraordinary wave for vertical polarization, Incident angles in Region 2 for

ordinary and extraordinary waves are respectively determined by 020i = tan ‘l(kpi/k;ziR~

and 02ei = tan ‘l(-kP~/k~~iR). Note that there is an extra phase term in a$~hvv  (’2ZC)

duc to the difference in propagation speeds of ordinary and extraordinary waves.
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Surface scattering dominates the total backscattming  at small incident angles where

information carried by the scattering from the underneath ice layer is masked out of

polarimetric  signatures, Surface scattering depends on the roughness and the permittivit  y

contrast bctwccn  the upper and lower media at the mcclium interface. For the same

roughness, a higher permittivity  contrast gives higllcr backscattcring.  In snow covered

sca ice, the pcrmittivity  contrast at the air-snow intcrfacc, especially for dry snow, is

smaller than that at the snow-ice interface. In this case, the contribution from the snow-

icc rough surface is more important and the total sca icc signature carries some information

pertaining to this surface.

Roughness at a sca ice interface evolves under many processes related to environ-

mental conditions such as atmospheric boundary layer, winds, sca currents, wave actions,

solar radiation and heat transport. These processes create many types of sca ice with

complicated surface conditions, compositions, and structures such as composite pancake

ice, rafted ice, pressure ridges, puddles and thaw holes, which arc subjects of future model

dcvclopmcnts.  In the following sections, melt hummocks, another complication in polari-

metric sca ice signatures, are modeled and presented in terms of their effects on both

volume and

3.4 Volume

surface scattering mechanisms in sea ice.

Scattering with Hummock Surface

Multi-year sea ice survives at least one sumrncr season during which differential melt

crcatcs hummocks on the ice surface with a large scale  roLighlless of the order of a few

meters [ COZ, and Weeks, 1974; Weeks  tind Ackley, 1982]. During winter, multi-year ice is

covered by a new layer of snow over the hummocks. Both the top interface between air

and snow and the middle between snow and ice have this undulating topography.

Evidently, a local incident angle of the electromagnetic wave differs from the global

incident angle set by the antenna looking direction. Effects of this meter-scale topography

on the volume scattering from the layered media are accounted for by averaging scattering
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coefficients over the distribution of local incident angles. This averaging process implies the

characteristic length of the hummock topography is large enough so that the local scatter-

ing can be treated independently, The method has been applied to composite models for

rough surface scattering from small scale roughness with large scale modulation [ Wright,

1968]. When surface slopes of the upper and lower hummock interfaces are highly corre-

lated with a positive correlation coefficient, the total volume scattering from the layered

media can simply be averaged over the distribution of the local incident angles at the top

interface, Under this condition, the two interfaces are closely in parallel and their large

scale characteristic lengths are similar.

(V) due to the volume scattering under the effects of theScattering coefficient uPV,&

hummock topography is determined by ~~lVTK‘v] = f O{,vTK(@t,  #t)dQ/ f da, which is  the

average of local scattering coefficient u~V~R, evaluated at local incident angle 01 and az-

imuthal angle @l, over the observation solid angle Q. For the unit vector h = (–iix –

OV + .2)/(x2  + p2 + 1)112 normal to the local surface and backscattering direction ~ =

(--~ sil”l 00Z cos @oi – ~ sin @oi sin #oi + ~ cos @oi ) defined by the global incident angle Ooi and
(v)azimuthal angle #oi, the average for UUV?K  can be written as

(v) =
fJpvTK 1 dxd~ a~v,.(e~, #t) P(X, V)

[1+ tan 60~(x cos #o~ + p sin #w~)] (23)

in which p(x, W) is the probability density function of slope and local incident angle 01 is

cos Ol)i + sin f90~(X  cos #o~ + p sin q!Joi)
Cosot=k. h=

(/+ $9’ + 1)1/2
(24)

Since the scattering configuration has reflection symmetry with respect to all vertical

planes, the azimuthal angle q$oi can be set to zero without loss of generality. In this case,

the limit of integration for p is from –m to +co and for x is from –cotOoi  to +00.  The

lower limit –cot Ooi is introduced to account for the shadowing effect of the large scale

surface [ Chan and Fung, 197?’1. For a Gaussian distribution of slope S = A OR/.l?R of
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the large scale topography with standard dcviat ion height OR and correlation kmgth l’~,

the slope distribution is p(x, p) = exp[-(X2  + p2)/(2S2 )] and polarimetric  backscattering

cocfflcicnts  under the hummock effects arc determined by

!(v) = m ~–x2/(2s2)
O/iv  Ttt clx (1 + XtandO~)-——

–coteo~ lrs~

When the local surface is tilted, the incident horizontal polarization is composed of

both transverse electric (TE) and transverse magnetic (TM) components. This can be

interpreted as a roll of the incident polarization basis by an angle a between the incident

horizontal vector ~i = 2 x ~i/ [.2 x&[ and the local horizontal polarization ~1 = ii x ki/\iix  ii [

(see Figure 8) for global vertical unit vector ; and incident unit vector ii = -~. All

scattering coefficients a~v~~ are expressible in terms of sin a and cos a [Nghiem,  1992a].

For @oi = O,

sin ~oi -- X COS Ooi
COSCY=~L~.Aiz

[P2 + (sinooi  - x coS00i)2]’/2
(26b)

Locally, all cross-correlations in oflv~.  are zero due to the local reflection symmetry.

In the global coordinates, all cross-correlation in u\(~~A are also expected to be nullified due

to the global reflection symmetry [Nghiem,  1992]. This can be demonstrated by considering

‘v) for instance. After the polarization roll and the reciprocityscattering coefficient a~~~u  ~

are used,

Since sin a is an odd function of v while cos a is even, the integration over p renders a~~v

zero when p(x, ~ ) is an even function of p, which is the case for a non-directional slope
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distribution of the large scale topography such as the Gaussian distribution. All other

(v)cross-correlations in u}iv~~ are shown to be zero in the same manner. For the calculation

(v)of the non-zero oPv7 ~, the nccessar  y local polarimetric  scat tcring coefficients are

(28a)

(28b)

‘~hvv =  ~hhv~  C0S4 Q + fYvvhh Sin4  Q

+ (~hhhh + OvvvV)  COS2 @ Si112 Q

– 4C7huh. COS2 0 Si112 @

‘\vhv =  ~hvhv (CoS2  C? –  Sin2 cy)2

+ (~hhhh + ~vvfjv – 2Re~hhvv)COS2Q’Sin20 (28d)

(28c)

As seen in (28), OLV,R has a contribution from U},v..  with a factor of COS
4 a. Usually,

o is small and this term is large compared to the terms involving sin a, Consider the cross-

polarimd  return a~vhv (28d) fOr multi-year sea ice: the term (ohhhh + UVVVV  – 2Re ahhuu )

has the same order of magnitude as (7hv~v [Nghicm, 199$c];  therefore, Ujvhv  is dominated

by the contribution from the first term in (28d) for small angle a in the trigonometric

factors. For large scale hummocks with a long correlation length compared to the standard

deviation height, u~U,R mainly retains the characteristics of uPV~N  with some polarization

mixture from other coefficients. In general, hummock effects on volume scattering are to

reduce both polarization and incident angle depcndences in sea ice signatures as indicated

by (28) and (23).

3.5 Surface Scattering with Hummock Surface

Effects of hummocks on backscattering from rough interfaces can be estimated by
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avcnaging  local scattering coefficients over the slope distribution of the large scale topogra-

phy. If the small scale roughness is valid for the small perturbation method, scattering from

small surface pert”  -- %tions  is first calculated and then averaged over the large scale slope

distribution. Then the results are added to the scattering from the large scale roughness

obtained under the geometric optics approximation. This approach uses different approx-

imations together and considers small scale roughness being tilted locally over patches of

large scale roughness according to the slope distribution of the large surface, In contrast,

the method used in this paper considers the small scale and large scale roughncsscs  at the

same time, applying the Kirchhoff  ’s approximation to the total roughness, and calculating

the total scattering from the composite surface altogether.

Let the total profile j = $r + jR be the superposition

a hummock profile ~R, which are statistically independent

of a small scale profile fr and

and stationary Gaussian pro-

cesses.  The Gaussian distributions of probability densities for these azimuthally symmetric

roughness profiies are prescribed by

Pr(.fr) = 1 ()f;.—
6 Or ‘X p  20;

(29a)

(29b)

where ar and UR are the standard deviations of the small scale and the hummock profiles,

respectively. Under these conditions, the probability density p(f) of the total roughness

profile is a convolution of pr(~r ) and pR($R)  [Papotdis, 1984]

P(f) =  P(.fr +  .fR) =  j dfR Pr(.f -  .fR)PR(.fR)
–m

(30)

which is also a Gaussian distribution whose height variance cr2 = u? + cr~ is the sum of

the individual variances.

The joint probability density p(fl, f2) for two points at PI and P2 on the surface is
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[Davenport and Root, 1958]

1

[

_  f? –  2gfl. f2 +  f;
P(.fl> f2) = ‘—

2To~ dm ‘x]) 202 (1 – C2) 1
(31)

where C is the normalized correlation function between the two points. For the azimuthally

symlnetric  stationary surface, C depends only on the distance p’ = 1~1 — ~z 1. From the

total profile f = j, + $R, C is clerived as follows

a2c(p’) =< f(p1)f(72) >= @’r(P’) + ~; CR(P’) (32)

To arrive at (32), the independence between j, and fR and the following correlation

functions have been used

()
12

<  fr(Fl).fr(72) > = ~~cr(p’) =  Ofexp –~ (33a)
r

( )

12

< fR(~l)fR(~a)  > = ~@R(P’) = ~; exP ‘~ (33b)
R

where /r is the correlation length of the small scale roughness and ~R is that of the hummock

topography, As seen in (32), normalized correlation function C is a linear combination of

small scale correlation function Cr and hummock correlation function CR.

For a composite surface, consisting of large scale hummocks and small scale roughness

(s)characterized by the above descriptions, polarimetric backscattering coefficients 0PV7~ are

derived with stationary phase method under Kirchhoff’s  approximation. The results for

non-zero backscattering coefficients for the composite rough interface at oblique incident

angle 0~ arc

(34)

in which p and v can be h or v polarization, k is the W;.XW number in the upper medium,

lRo 12 is the Fresnel  reflectivity between the upper and the lower media at normal incident

angle, and the quantity D is defined by

‘=12T’op’” {’ }–kj2a2[l  – C(p’)] _ ~–k;zu2 ~ikdP~  m @ (35)
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where  the subscript d denotes the difference between the incident and scattered wave vec-

tors;  thus, ~d = ~~ – ~S = ~k@ + 2k& in the cylindrical coordinates. III the backscattcring

clircction, k@ = 2k2 sin 8~ and kd~ == 2k2 cos ~~.

(;arrying  out the integration over azimuthal angle @ results in the Bessel function

Jo(kdflp’)  and then substituting the correlation function C(p’) from (32) yield

‘=nz{~’-k’zo21Eo’[m-(’-1)]ol)an)An2A1}’l}  ‘3’)
where anlj”  is the binomial coefficient and Anlj is m integral over p’ determined by

I
co ()k:P

A 2mj  = dp’  p’~o(kdPp’)C, (p’)m-(; -l) CR(p’)(~-l)  = ~ exp ~v_— (37)
0 m j

To obtain the result in (37), (33) has been used for the correlation functions and Vmj has

been defined in terms of the correlation lengths as

nz-(j-l)+ j-l
l/~ j  = /): f?%

(38)

With the above solution, the result for backscattcring  coefficient u~PLv  from (34) can be

written compactly as

(s) – k21~012 –I&& m ‘+1~ppuv  — e
COS2  L9i ~ ~(kd.omj)2m~n,jAmj

m=l j=l
(39)

where ~nlj = (amj /m!) and o mj are determined by the following equations, respectively

j
Clmj  = (40)

j![m -(j – 1)]!

U~j
= ~l–(j–l)/m ( j - l ) / m

r OR (41)

The above results for polarimetric backscattering coefficients from rough surfaces un-

der effects of large scale hummocks analytically reduce to the small scale surface scattering

when the large scale surface profile is removed by letting OR = O. Furthermore, the results

approach the geometric opt ics solution in the high frequency limit. At large incident an-

gles, the Kirchhoff  results for rough surface scattering becomes less accurate; however, the
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surface contribution already becomes small and the volume scattering takes over the total

sea ice signatures.

In the layered configuration, wave propagation and multiple interactions with layer

boundaries are taken into account as shown in Section 3.3 where on(n+l)~,  VR is replaced

by the corresponding o$~~, with OR and ~R replaced by a,l(n+l)~  and &(n+l)R to dc-

(0)note the parameters between medium n and (n + 1), in the calculations of crn(n+llll~Vk

observed in Region O. Since the composite interfaces contain

scale hummocks and small scale roughnesses have different

frequencies.

different scale lengths,

responses at different

large

wave

4, SUMMARY AND DISCUSSIONS

This paper presents a composite model for polarimetric  signatures of sea ice. The pur-

pose is to relate sea ice physical, structural, and electromagnetic properties and processes

to sea ice polarimetric  signatures. Based on sea ice characteristics, effective pcrmittivities

are derived with the strong pcrmittivity  fluctuation theory and polarimetric  backscattering

cc)efficients  arc obtained with the analytical wave theory under the distorted Born approx-

imation. Surface scattering from rough layer interfaces is also considered with effects of

wave attenuation and phase delay in an anisotropic layered configuration for sea ice.

Sea ice is an inhomogeneous medium composed of various dispersive constituents.

These constituents are non-magnetic materials preserving the reciprocity in sea ice signa-

tures. In the form of the ordinary ice polymorph, natural polycrystalline  ice is composed of

multiple ice platelets. These platelets entrap brine in ellipsoidal pockets with preferential

vertical alignment, Random orient ations of tryst allographic c-axes in azimuthal directions

render sea ice uniaxially  anisotropic. The anisotropy causes the effective birefringence,

differential phase delay an attenuation in sea ice. Temperature, salinity, and density deter-

mine the phase distribution of sea ice constituents, including salt expulsion and brine solid-
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ification below the eutectic temperature. From the phase  distribution, fractional volumes

of sea ice constituents are obtainecl  to derive  both effective permittivities and polarimetric

scattering coefficients of sea ice. Thus, effective permittivities and scattering coefficients

arc consistently linked to sea ice characteristics.

Dendritic  growth of sea ice forms columnar ice where crystal size and brine volume

depend on the growth rate thereby influencing wave propagation, attenuation, and scat-

tering. Desalination processes in sea ice increase wave penetration while weaken local

scattering effects due to a low permittivity  contrast between air bubbles and ice back-

ground. Isotropic snow cover can partially mask the anisotropic characteristics in sea ice

signatures. Furthermore, snow affects salinity distributions by brine wicking and conse-

quently changes both effective permittivities and polarimetric  coefficients. Slush or brine

layer with a large permittivity  inflicts large reflection and attenuation, decreases the scat-

tering contribution from the ice layer, and increases the co-polarized ratio at large incident

angles.

Effects of roughness are important at small incident angles. Rough surface scattering

depends on both roughness and permittivity  contrast at the interface. The contribution

from a rough interface beneath the ice layer suffers from differential attenuation and phase

delay. Hummocks have an averaging effect on polarimetric  volume scattering, which mixes

local polarization responses and reduces the dependence of sea ice signatures on incident

angles. Moreover, hummocks modulate the small scale roughness and the response from

the composite interface is frequency dependent. From symmetry properties of sea ice

scattering configurations, the number of independent parameters contained in covariance

matrices for polarimetric  signatures of sea ice are also determined.

Based on physical, structural, and electromagnetic properties and their interrelating

processes, the composite model can be used to interpret polarimetric  signatures of various

ice types. For bare sea ice, the results are obtained simply by setting the thickness of the

cover layer to zero. For sea ice in a frozen lead with a brine skim or slush cover, polarimetric
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signatures arc calculated with a layered configuration where the icc layer has a thickness

distribution and the cover layer has a large effective pcrmittivity  determined from its highly

saline compositiw’ nor snow covered first-year sca ice, signatures obtained from the model

with snow ancl sea ice properties include scattering from snow with spheroidal ice grains,

sca ice with ellipsoidal brine inclusions, anisotropy due sea icc structure, wave interactions

with boundaries, and rough interface effects in the anisotropic  layered sca ice media, For

multi-year sea ice, the model accounts for hummocks on the snow covered ice with surface

tilting effects and composite rough interfaces.

In the second paper of the series, the model will be used to” interpret measured

polarimetric  signatures of sea ice in the Beaufort sea. Sea ice characterization data obtained

from sca ice expeditions and experiments will be utilized. The trends in experimental data

will be explained and the utility of polarimetric  signatures for global sea ice monitoring

will be discussed. For higher

sea ice types, properties, and

measurements are necessary.

order effects in sca icc signatures and more complicated

processes, further developments in sea ice modeling and
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